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Introduction {#sec1}
============

Melanoma is an aggressive cancer that frequently metastasizes to various vital organs ([@bib30], [@bib62]). Although treatment of melanoma at early stages is generally effective, the median survival of patients with metastatic melanoma is only 4.5--12.5 months ([@bib30], [@bib46]). Genomic sequencing of melanoma has identified oncogenic mutations in the BRAF gene in over 50% of tumors ([@bib7], [@bib12]). Acquiring oncogenic mutations in the BRAF gene cause constitutive activation of the BRAF→MEK→ERK pathway and is necessary for melanoma growth and progression ([@bib12], [@bib60]). These findings have encouraged the development and approval of several BRAF and MEK kinase inhibitors by the US Food and Drug Administration for treating unresectable metastatic melanoma ([@bib8], [@bib14]). However, although patients with melanoma initially respond swiftly and robustly to BRAF kinase-targeted therapy, they show acquired resistance within a few months, resulting in disease progression. Owing to the high impact of this problem, intensive efforts have focused on identifying the causes of resistance to BRAF and MEK kinase inhibitors and several mechanisms have been identified ([@bib35], [@bib61]). These mechanisms can be broadly categorized as either dependent or independent of the mitogen-activated protein kinase (MAPK) pathway ([@bib23], [@bib43]).

Anaplastic Lymphoma Kinase (ALK) was initially identified as a chimeric protein fused with nucleophosmin, a protein driving the development and progression of anaplastic large cell lymphoma ([@bib34]). Since its identification, various genetic alterations in ALK gene have also been identified. The most prevalent of these are ALK gene fusions (e.g., EML4-ALK) and amplifications or activating mutations (e.g., F1174L/V, F1245C/L/V) found in multiple cancers, including lung cancer, neuroblastomas, lymphomas, or renal cell carcinoma ([@bib15], [@bib26], [@bib44], [@bib49]).

Here, using a human phospho-receptor tyrosine kinase (RTK) array, we found that ALK activation caused resistance to BRAF kinase inhibitor (BRAFi). We show that activated ALK-stimulated the phosphatidylinositol 3-kinase (PI3K)/AKT pathway in BRAFi-resistant melanoma cells and ALK inhibition inhibited the growth of ALK-activated BRAFi-resistant melanoma. Furthermore, melanoma cells that were resistant to both BRAFi and ALK inhibitor (ALKi) were still sensitive to AT-101, a broad-spectrum inhibitor of anti-apoptotic proteins, providing an alternative targeted therapeutic approach for their treatment.

Results {#sec2}
=======

Human RTK Array Identifies Alterations in RTK Phosphorylation in Vemurafenib-Resistant Melanoma Cells {#sec2.1}
-----------------------------------------------------------------------------------------------------

Dysregulation of RTKs such as epidermal growth factor receptor (EGFR), insulin growth factor-1 receptor (IGF-1R), or hepatocyte growth factor receptor (HGFR)/MET can cause BRAFi resistance ([@bib10], [@bib25], [@bib57]), indicating that RTKs are important mediators of resistance to BRAFi-based therapies. To identify other RTKs that regulate the response of BRAF-mutant melanoma to BRAFi, we first generated and characterized BRAFi vemurafenib-resistant cells by treating BRAF-mutant cell line A375 with vemurafenib for 6 weeks ([Figures 1](#fig1){ref-type="fig"}A--1C). We then analyzed both parental A375 cells (A375-P) and vemurafenib-resistant A375 cells (A375-R) using a human phospho-RTK array that can detect changes in the phosphorylation of 49 different human RTKs ([Figure 1](#fig1){ref-type="fig"}D). We found increased phosphorylation of several RTKs in A375-R cells compared with A375-P cells ([Figures 1](#fig1){ref-type="fig"}E and 1F). Specifically, increased phosphorylation occurred for EGFR, HGFR/MET, RYK, ROR2, and EPHA2, all of which were previously implicated in causing BRAFi resistance ([@bib2], [@bib10], [@bib25], [@bib29], [@bib36], [@bib55], [@bib59]). We also detected increased phosphorylation in VEGFR2, ALK, and DDR1 ([Figures 1](#fig1){ref-type="fig"}E and 1F). Collectively, these results indicate that RTK activation has an important role in acquired BRAFi resistance.Figure 1Human Phospho-RTK Arrays Identified Changes in RTK Phosphorylation in BRAF Inhibitor Vemurafenib-Resistant Cells(A) Schematic representation of the generation of vemurafenib-resistant A375 melanoma cells.(B) A375 parental (A375-P) and A375 vemurafenib-resistant (A375-R) melanoma cells were treated with DMSO or the indicated concentrations of vemurafenib for 72 h and analyzed for survival using the MTT assay. Relative survival (%) for A375-P and A375-R cells relative to DMSO treated cells (0) is shown.(C) Indicated proteins were analyzed in A375-P and A375-R cells after 6 h treatment with DMSO or 1 μM vemurafenib. ACTINB was used as the loading control.(D) Schematic representation of the steps for analyzing A375-P and A375-R protein lysates using Proteome Profiler Human Phospho-RTK Array.(E) Proteome Profiler Human Phospho-RTK Array membranes showing relative RTK phosphorylation in A375-R cells and A375-P cells.(F) Spot intensity fold changes are plotted for individual RTK phosphorylation changes normalized to control spot in A375-R cells relative to A375-P cells as bar chart (left) or as numbers in the table on right.Data are presented as mean ± SD. \*\*\*\*p \< 0.0001.

ALK Causes Acquired Resistance to Vemurafenib in BRAF-Mutant Melanoma Cells {#sec2.2}
---------------------------------------------------------------------------

To determine if increased phosphorylation of RTKs in the BRAF-mutant melanoma cell line was sufficient to confer vemurafenib resistance, we individually expressed ALK, VEGFR2, or DDR1 in BRAF-mutant A375 melanoma cell line and analyzed if their expression caused vemurafenib resistance. Stable ALK expression in A375 cells led to vemurafenib resistance ([Figure 2](#fig2){ref-type="fig"}A). In contrast, stable expression of VEGFR2 or DDR1 did not cause resistance ([Figure S1](#mmc1){ref-type="supplementary-material"}). Similarly, ectopic expression of ALK in two other BRAF-mutant melanoma cell lines, M229 and SKMEL-28, also resulted in vemurafenib resistance ([Figure 2](#fig2){ref-type="fig"}A).Figure 2Ectopic Expression of Anaplastic Lymphoma Kinase (ALK) in Melanoma Conferred Resistance to BRAF Inhibitor(A) BRAF-mutant melanoma cells A375, M229, and SKMEL-28 ectopically expressing an empty vector (EV) or ALK expression construct were treated with either DMSO or the indicated concentrations of vemurafenib. Relative cell survival (%) for each cell line in reference to DMSO-treated cells is shown.(B) BRAF-mutant melanoma cells A375, M229, and SKMEL-28 ectopically expressing an empty vector (EV) or ALK were treated with either DMSO or the indicated concentrations of dabrafenib. Relative cell survival (%) for each cell line in reference to DMSO-treated cells is shown.(C) A375 cells ectopically expressing empty vector (EV) or ALK expression construct were treated with 2 μM vemurafenib for 4 weeks. Images of representative plates with surviving colonies are shown. Scale bar, 200 μM.Data are presented as mean ± SD. \*\*p \< 0.01, \*\*\*p \< 0.001. See also [Figure S1](#mmc1){ref-type="supplementary-material"}.

Next, we tested if the resistance due to ALK expression was specific to vemurafenib, or if it was a general mechanism of BRAFi resistance. To this end, we tested if ectopic ALK expression in BRAF-mutant melanoma cells (A375, M229, SKMEL-28) caused resistance to another BRAFi, dabrafenib. Our results showed that ALK-expressing melanoma cells were also resistant to dabrafenib compared with the empty vectors alone ([Figure 2](#fig2){ref-type="fig"}B).

Finally, to determine the applicability of our results to a long-term treatment scenario, we performed clonogenic assays using BRAF-mutant A375 cells. We treated A375 cells expressing an empty vector or ALK with vemurafenib and monitored the emergence of colonies over 4 weeks. Similar to our short-term survival assays, we found that in clonogenic assays also ALK-expressing A375 cells had a significantly higher number of drug-resistant colonies than empty vector-expressing A375 cells ([Figure 2](#fig2){ref-type="fig"}C). Collectively, these results show that ectopic expression of ALK causes BRAFi resistance.

BRAF Kinase Inhibitor-Resistant Cells Have Increased ALK Phosphorylation and Activated Downstream Signaling {#sec2.3}
-----------------------------------------------------------------------------------------------------------

Next, we asked if ALK was activated in vemurafenib-resistant melanoma cell lines. To this end, we analyzed three pairs of parental and vemurafenib-resistant melanoma cell lines, including A375 parental (A375-P) and resistant (A375-R), SKMEL-239 parental (SKMEL-239-P) and resistant (SKMEL-239-R), and M229 parental (M229-P) and resistant (M229-R) melanoma cell lines. We measured phosphorylation of tyrosine 1278 within the ALK activation loop ([@bib52]) and found increased ALK phosphorylation in A375-R and M229-R cell lines compared with parental cell lines (A375-P and M229-P), but did not observe more phosphorylation in SKMEL-239-R cells ([Figure 3](#fig3){ref-type="fig"}A). Consistent with ALK-stimulated downstream signaling, increased ALK phosphorylation correlated with increased p-ERK1/2 and pAKT levels in these cell lines ([Figure 3](#fig3){ref-type="fig"}A). However, vemurafenib-resistant SKMEL-239 cells did not have increased ALK phosphorylation and had lower pAKT levels ([Figure 3](#fig3){ref-type="fig"}A). However, interestingly ectopic expression of ALK in SKMEL-239 cells also caused resistance to vemurafenib ([Figures S2](#mmc1){ref-type="supplementary-material"}A and S2B). However, we believe for reasons not fully clear to us that the SKMEL-239 cells acquire resistance to BRAFi via mechanisms independent of activating ALK, as evidenced by lack of increased ALK phosphorylation in SKMEL-239-R cells ([Figure 3](#fig3){ref-type="fig"}A). In particular, a previous study has identified that the SKMEL-239-R cells become resistance to BRAFi due to dimerization of aberrantly spliced BRAF (V600E) ([@bib40]). Similarly, ectopic ALK expression in BRAF-mutant melanoma cells (A375, M229, SKMEL-28) activated the PI3K/AKT pathway, as shown by increased pAKT levels ([Figure 3](#fig3){ref-type="fig"}B). The increased pAKT was dependent upon ALK activity in BRAFi-resistant A375 cells, because treatment of these cells with ALK inhibitor (ALKi) ceritinib reduced the pAKT level ([Figure 3](#fig3){ref-type="fig"}C). Similarly, treating ALK-expressing A375 cells with ceritinib inhibited the pAKT level ([Figure S3](#mmc1){ref-type="supplementary-material"}A).Figure 3Ectopic Expression of ALK Stimulated the PI3K/AKT Pathway and BRAFi-Resistant Melanoma Showed Genetic Signatures Consistent with ALK Activation(A) Parental and BRAF inhibitor (BRAFi)-resistant A375, SKMEL-239, and M229 cells were analyzed for the indicated protein by immunoblotting. ACTINB was used as the loading control.(B) A375, M229, and SKMEL-28 cells ectopically expressing an empty vector or ALK were analyzed by western blot for the indicated proteins. ACTINB was used as the loading control.(C) A375 parental (A375-P) cells, A375 BRAFi-resistant cells (A375-R), and A375-R cells treated with ceritinib (1 μM) for 24 h were analyzed by immunoblotting for the indicated proteins. ACTINB was used as the loading control.(D) mRNA expression for the indicated ALK-activated genes was measured in A375-P, A375-R, and A375-R cells treated with ceritinib (1 μM) for 24 h. mRNA expression for indicated genes relative to A375-P cells is shown. ACTINB mRNA expression was used for normalization.Data are presented as mean ± SD. ns, not significant; \*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001, \*\*\*\*p \< 0.0001, respectively. See also [Figures S2](#mmc1){ref-type="supplementary-material"} and [S3](#mmc1){ref-type="supplementary-material"}.

Next, we analyzed the expression of ALK-activated genes ([@bib39]) in parental and BRAFi-resistant A375 cells. We found that expression of several ALK-activated genes was higher in BRAFi-resistant A375 and M229 cells than in parental cells ([Figures 3](#fig3){ref-type="fig"}D and [S3](#mmc1){ref-type="supplementary-material"}B and [Table S1](#mmc1){ref-type="supplementary-material"}). We also found that this expression was dependent on ALK activity, because treatment of BRAFi-resistant A375 and M229 cells with ceritinib inhibited the expression of ALK-activated genes ([Figures 3](#fig3){ref-type="fig"}D and [S3](#mmc1){ref-type="supplementary-material"}B). Similarly, ectopic expression of ALK in A375 cells resulted in increased expression of ALK-stimulated genes compared with A375 cells expressing an empty vector ([Figure S3](#mmc1){ref-type="supplementary-material"}C). Collectively, these results demonstrate that the ALK-driven transcriptional program is upregulated in BRAFi-resistant melanoma.

PI3K/AKT Pathway Activation Downstream of ALK Is Necessary to Cause BRAFi Resistance {#sec2.4}
------------------------------------------------------------------------------------

Based on our finding that pAKT levels were higher in cells ectopically expressing ALK in some BRAFi-resistant cell lines, we asked if the PI3K pathway downstream of ALK-mediated the ALK-associated drug resistance. To test this, we expressed constitutively active PI3K (PI3KCA) in parental A375 cells and measured their sensitivity to vemurafenib with two assays. Our results showed that ectopic PI3KCA expression in parental A375 cells resulted in vemurafenib resistance in the Methylthiazolyldiphenyl-tetrazolium bromide (MTT) cell survival assay ([Figures 4](#fig4){ref-type="fig"}A and 4B) and the soft-agar assay ([Figures 4](#fig4){ref-type="fig"}C and 4D). In addition, we tested if ectopic PI3KCA expression in BRAFi-resistant A375 cells reduced sensitivity to ALK inhibition by ceritinib. We found that ectopic PI3KCA expression conferred ceritinib resistance in the MTT cell survival assay ([Figures 4](#fig4){ref-type="fig"}E and 4F) and the soft-agar assay ([Figures 4](#fig4){ref-type="fig"}G and 4H). In addition, we analyzed how PI3K inhibition affected the expression of ALK-activated genes ([@bib39]). We found that treating BRAFi-resistant A375 or M229 cells with a PI3K inhibitor (PI3Ki) pictilisib downregulated expression of several ALK-activated genes ([Figures 4](#fig4){ref-type="fig"}I, 4J, and [S3](#mmc1){ref-type="supplementary-material"}D). Collectively, these results show that the PI3K/AKT pathway downstream of ALK activates the majority of ALK-activated genes.Figure 4ALK-Mediated BRAFi-Resistance by Activating the PI3K/AKT Pathway(A) A375 cells ectopically expressing either an empty vector or constitutively active PI3K (PI3KCA) were analyzed for the indicated proteins by immunoblotting. ACTINB was used as a loading control.(B) A375 cells ectopically expressing either an empty vector or constitutively active PI3K (PI3KCA) were treated with DMSO or with the indicated concentrations of vemurafenib and analyzed for survival using the MTT assay and for anchorage-independent growth using the soft-agar assay. Relative cell survival (%) in reference to DMSO-treated cells is shown.(C) A375 cells ectopically expressing either an empty vector (EV) or constitutively active PI3K (PI3KCA) were treated with DMSO or vemurafenib (1 μM). Representative images for soft-agar colonies under the indicated conditions are shown. Scale bar, 500 μm.(D) Relative soft-agar colony size (%) for experiments is presented in panel (C).(E) A375 cells ectopically expressing either an empty vector or constitutively active PI3K (PI3KCA) were analyzed for indicated proteins using immunoblotting. ACTINB was used as a loading control.(F) A375 cells ectopically expressing either an empty vector or constitutively active PI3K (PI3KCA) were treated with DMSO or with the indicated concentrations of ceritinib and analyzed for survival using the MTT assay and for anchorage-independent growth using the soft-agar assay. Relative cell survival (%) in reference to DMSO-treated cells is shown.(G) A375 cells ectopically expressing either an empty vector (EV) or constitutively active PI3K (PI3KCA) were treated with DMSO or ceritinib (1 μM). Representative images for soft-agar colonies under the indicated conditions are shown. Scale bar, 500 μm.(H) Relative soft-agar colony size in experiments is presented in panel (G).(I) mRNA expression for the indicated ALK-activated genes was measured in A375 parental (A375-P), A375 vemurafenib-resistant (A375-R), and A375-R cells treated PI3K inhibitor pictilisib (1 μM) for 24 h. mRNA expression is shown relative to A375-P cells. ACTINB mRNA expression was used for normalization.(J) A375-P, A375-R, and A375-R cells treated with pictilisib (1 μM) for 24 h were analyzed by immunoblotting for the indicated proteins. ACTINB was used as the loading control.(K) A375-P cells were treated with the indicated concentrations of vemurafenib, pictilisib, or both for 3 days and analyzed for survival using the MTT assay. Relative cell survival (%) relative to DMSO-treated cells is shown.(L) A375-R cells were treated with the indicated concentrations of vemurafenib, pictilisib, or both for 3 days and analyzed for survival using the MTT assay. Relative cell survival (%) relative to DMSO (0)-treated cells is shown.Data are presented as mean ± SD. ns, not significant p value; \*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001, and \*\*\*\*p \< 0.0001, respectively. See also [Figure S3](#mmc1){ref-type="supplementary-material"}.

Finally, we treated BRAFi-sensitive parental or resistant A375 cells with vemurafenib, pictilisib, or both. We found that although parental cells were not sensitive to pictisilib, BRAFi-resistant A375 cells were ([Figures 4](#fig4){ref-type="fig"}K, 4L, and [S3](#mmc1){ref-type="supplementary-material"}E). Similarly, ALK-expressing A375 cells although resistant to vemurafenib were sensitive to pictilisib ([Figure S3](#mmc1){ref-type="supplementary-material"}F). These results further strengthen the idea that the PI3K pathway downstream of ALK mediates BRAFi resistance. Moreover, this result is consistent with other findings for the role of PI3K in causing resistance to BRAF inhibitors ([@bib13], [@bib27], [@bib57]).

ALK Ligand FAM150A Expression Activates ALK Phosphorylation and Confers Vemurafenib Resistance {#sec2.5}
----------------------------------------------------------------------------------------------

As ALK is an RTK, we hypothesized that increased phosphorylation in BRAFi-resistant cells could be due to increased ligand expression. To test this possibility, we collected conditioned medium from either parental or BRAFi-resistant A375 cells and determined if this conditioned medium conferred resistance to vemurafenib. Our results showed that that conditioned medium from BRAFi-resistant cells conferred vemurafenib resistance in A375 parental cells ([Figure 5](#fig5){ref-type="fig"}A). Based on these results, we next analyzed the expression of two known ALK-activating ligands, FAM150A and FAM150B, in parental and BRAFi-resistant melanoma cells ([@bib19], [@bib42]). Therefore, we asked if the mRNA expression of either FAM150A or FAM150B was higher in BRAFi-resistant melanoma cells than in parental cells (A375-P/R, SKMEL-239P/R, M229-P/R). We found upregulated FAM150A expression in BRAFi-resistant A375 and M229 cells, but not in SKMEL-239 cells ([Figure 5](#fig5){ref-type="fig"}B), which was consistent with higher p-ALK levels in A375-R and M229-R cells. In contrast, FAM150B expression did not correlate with ALK phosphorylation in parental and vemurafenib-resistant cell lines ([Figure S4](#mmc1){ref-type="supplementary-material"}). Treating BRAF-mutant melanoma cells with BRAFi causes them to secrete a number of proteins, which are collectively referred to as the therapy-induced secretome (TIS); the TIS stimulates the growth and survival of surrounding cells and confers drug resistance ([@bib37]). Therefore, we analyzed FAM150A expression in A375 cells after vemurafenib treatment, finding that vemurafenib treatment in parental A375 increased FAM150A expression ([Figure 5](#fig5){ref-type="fig"}C). To confirm that FAM150A was responsible for increased ALK phosphorylation in vemurafenib-resistant A375 cells, we overexpressed FAM150A in A375-P cells and analyzed their sensitivity to vemurafenib and ALK-mediated signaling. Consistent with FAM150A being an ALK ligand, FAM150A overexpression increased ALK phosphorylation and stimulated downstream signaling, as measured by increased pAKT ([Figure 5](#fig5){ref-type="fig"}D). Furthermore, similar to ALK expression, ectopic FAM150A expression conferred vemurafenib resistance ([Figure 5](#fig5){ref-type="fig"}E). Collectively, these results show that FAM150A plays an important role in increasing ALK-mediating signaling in melanoma.Figure 5FAM150A-Activated ALK Phosphorylation in Melanoma Cells and Stimulated BRAFi Resistance(A) A375 parental cells were cultured with conditioned medium harvested from A375 parental (A375-P CM) or vemurafenib-resistant A375 cells (A375-R CM), then treated with DMSO or the indicated concentrations of vemurafenib for 3 days, and analyzed for survival using the MTT assay. Relative cell survival (%) relative to DMSO-treated cells is shown.(B) mRNA expression for FAM150A was measured for the indicated pairs of parental and BRAFi-resistant cells (A375, SKMEL-239, M229). mRNA expression is shown relative to respective parental melanoma cells. ACTINB mRNA expression was used for normalization.(C) mRNA expression for FAM150A was measured in A375 cells treated with DMSO or vemurafenib (1 μM) for 24 h FAM150A mRNA expression relative to DMSO-treated A375 cells is shown. ACTINB mRNA expression was used for normalization.(D) A375 cells overexpressing empty vector (−) or FAM150A (+) were analyzed for indicated proteins by immunoblotting. ACTINB was used as a loading control.(E) A375 cells ectopically expressing an empty vector (EV) or FAM150A were treated with DMSO or the indicated concentrations of vemurafenib for 3 days and analyzed for survival by the MTT assay. Relative cell survival (%) relative to DMSO-treated cells is shown.Data are presented as mean ± SD. \*p \< 0.05, \*\*\*p \< 0.001, \*\*\*\*p \< 0.0001. See also [Figure S4](#mmc1){ref-type="supplementary-material"}.

Pharmacological Inhibition of ALK Blocks Melanoma Growth in Cell Culture and in Mice {#sec2.6}
------------------------------------------------------------------------------------

Because we found upregulated ALK-mediated signaling in BRAFi-resistant melanoma cells, we asked whether ALK inhibition would inhibit cell proliferation and soft-agar growth of melanoma cells. Therefore, we treated the parental and BRAFi-resistant melanoma cell lines (A375-P/R, M229-P/R, SKMEL-239-P/R) with vemurafenib or ceritinib. As expected, BRAFi-sensitive melanoma cells showed reduced growth with vemurafenib treatment, whereas BRAFi-resistant cells were not inhibited ([Figures 6](#fig6){ref-type="fig"}A and [S5](#mmc1){ref-type="supplementary-material"}). Consistent with the level of ALK phosphorylation, ceritinib treatment inhibited the growth of BRAFi-resistant A375 and M229 cells ([Figure 6](#fig6){ref-type="fig"}A). Furthermore, ceritinib treatment inhibited the growth of BRAFi-resistant A375 cells in soft agar ([Figures 6](#fig6){ref-type="fig"}B and 6C). Similar results were obtained using short hairpin RNA targeting ALK ([Figures S6](#mmc1){ref-type="supplementary-material"}A and S6B). Notably, ceritinib treatment of BRAFi-resistant SKMEL-239 cells, in which the level of ALK phosphorylation was not higher than that in the parental cells, only partially inhibited proliferation ([Figure S5](#mmc1){ref-type="supplementary-material"}). Finally, we performed animal experiments to test if ALK inhibition would sensitize BRAFi-resistant melanoma cells to the ALK inhibitor ceritinib. To this end, we injected BRAFi-resistant A375 cells into the flank of athymic nude mice and then treated them with vehicle, vemurafenib, or ceritinib. We found that ceritinib treatment of BRAFi-resistant melanoma cells inhibited tumor growth in mice ([Figures 6](#fig6){ref-type="fig"}D and 6E). Collectively, these results demonstrate that ALK inhibition is a potential strategy to treat BRAFi-resistant melanoma with increased ALK pathway activity.Figure 6Inhibition of ALK Impaired BRAFi-Resistant Melanoma in Cell Culture and in Mice(A) Parental A375 (A375-P) and BRAFi-resistant A375 cells (A375-R) were treated with DMSO or the indicated concentrations of vemurafenib or ceritinib for 3 days and analyzed for survival using the MTT assay. Relative cell survival (%) in reference to DMSO-treated cells is shown.(B) A375-P and BRAFi-resistant A375-R cells were treated with vemurafenib (1 μM) or ceritinib (1 μM) and analyzed for anchorage-independent growth by the soft-agar assay. Representative images for soft-agar colonies for the indicated melanoma cell lines under the indicated treatment conditions are shown. Scale bar, 500 μm.(C) Relative colony size for the indicated melanoma cell lines at the indicated treatment conditions is shown.(D) Vemurafenib-resistant A375 cells (A375-R) were subcutaneously injected into the flanks of athymic nude mice (n = 5) and treated with vehicle, vemurafenib (30 mg/kg), or ceritinib (25 mg/kg). Average tumor volumes (n = 5) at the indicated weeks are plotted.(E) Representative tumor images for the indicated conditions for the experiment in panel (D).Data are presented as mean ± SD. ns, not significant p value. \*p \< 0.05, \*\*\*p \< 0.001, and \*\*\*\*p \< 0.0001. See also [Figures S5](#mmc1){ref-type="supplementary-material"} and [S6](#mmc1){ref-type="supplementary-material"}.

Ceritinib-Resistant Residual Tumor Cells Are Sensitive to a Broad-Spectrum Inhibitor of Anti-apoptotic Proteins {#sec2.7}
---------------------------------------------------------------------------------------------------------------

Owing to genetic and epigenetic alterations, cancer cells become resistant to a wide variety of anti-cancer therapies ([@bib18], [@bib45], [@bib47]). Thus, almost all therapies leave behind residual drug-resistant cells, which are an active focus of research ([@bib41], [@bib53]). Targeting these cells is important to prevent recurrence and necessary to fully eradicate the disease. Therefore, we isolated melanoma tumors from control and ceritinib-treated mice and analyzed the residual cells ([Figure 7](#fig7){ref-type="fig"}A). For each condition, we generated two replicate cell lines from tumors isolated from mice that were treated with either vehicle (control group) or ceritinib (treatment group). First, we tested if residual tumor cells from the ceritinib-treated group were resistant to ceritinib. To this end, we performed an MTT-based survival assay and measured their growth in soft agar after treatment with DMSO or ceritinib. We found that tumor cells from ceritinib-treated mice were significantly more ceritinib resistant than melanoma cells from vehicle-treated mice ([Figure 7](#fig7){ref-type="fig"}B). We obtained similar results in the soft-agar assay, in which residual tumor cells from ceritinib-treated mice grew better in soft-agar than the tumor cells from vehicle control mice ([Figures 7](#fig7){ref-type="fig"}C and 7D). Previous studies found that failure to undergo apoptosis after drug treatment can drive acquired drug resistance in cancer cells ([@bib17], [@bib22], [@bib31]). Consistent with this, ceritinib-resistant melanoma cells were substantially more resistant to apoptosis induction after ceritinib treatment ([Figure S7](#mmc1){ref-type="supplementary-material"}A). Furthermore, analysis of a series of anti and pro-apoptotic proteins in ceritinib-sensitive versus ceritinib-resistant cells resulted in the identification of Bcl-2, cIAP2, cIAP1, and survivin as potential mediators of resistance to ceritinib in these cells ([Figure S7](#mmc1){ref-type="supplementary-material"}B). These findings indicated the possibility of targeting ceritinib-resistant cells with pharmacological inhibitors of anti-apoptotic proteins.Figure 7Residual Tumor-Derived BRAF and ALK Inhibitor Dual Resistant Melanoma Cells Were Sensitive to a Broad-Spectrum Anti-apoptotic Protein inhibitor, AT101(A) Schematic showing steps for generating cell lines from melanoma tumors isolated from mice treated with either vehicle or ceritinib.(B) Tumor-derived BRAFi-resistant and ceritinib-sensitive cells (A357-R-Cer-S) and BRAFi and ceritinib dual resistant A375 cells (A375-R-Cer-R) cells were treated with indicated concentrations of ceritinib for 3 days and analyzed by MTT assay. Relative cell survival (%) in reference to DMSO-treated cells is shown.(C) Tumor-derived A375-R-Cer-S and A375-R-Cer R cells were treated with DMSO or ceritinib (1 μM) and analyzed for anchorage-independent growth by soft-agar assay. Representative images for soft-agar colonies are shown. Scale bar, 500 μm.(D) Relative colony size for indicated melanoma cell lines at the indicated treatment conditions is shown.(E) Tumor-derived A375-R-Cer-S and A375-R-Cer-R cells were treated with the indicated concentrations of broad anti-apoptotic protein inhibitor AT101 (10 μM) for 72 h and analyzed for survival using the MTT assay. Relative cell survival (%) relative to DMSO-treated cells is shown.(F) Mice tumor-derived A375-R-Cer-S and A375-R-Cer-R cells were treated with AT101 (10 μM) and analyzed for anchorage-independent growth by the soft-agar assay. Representative images for soft-agar colonies for the indicated conditions are shown. Scale bar, 500 μm.(G) Relative colony size for the indicated melanoma cell lines at indicated treatment conditions is shown.(H) Model summarizing the findings of our study.Data are presented as mean ± SD. ns, not significant p value. \*p \< 0.05, \*\*p \< 0.01, and \*\*\*\*p \< 0.0001. See also [Figure S7](#mmc1){ref-type="supplementary-material"}.

Several anti-apoptotic proteins are important for cancer cell survival and mediate acquired resistance to targeted therapeutic agents ([@bib1], [@bib11], [@bib51]). This knowledge has been used to develop high-quality inhibitors of anti-apoptotic proteins, which are clinically used for cancer therapy ([@bib9], [@bib32]). With this in mind, we tested four small-molecule inhibitors: IAP inhibitor, AT406 ([@bib6]); MCL1 inhibitor, S63845 ([@bib24]); BCL2 inhibitor, venetoclax ([@bib50]); and a broad-spectrum anti-apoptotic protein inhibitor, AT101 ([@bib58]). AT101 inhibits multiple anti-apoptotic proteins, such as BCL2, BCL-XL, and MCL1. After treatment, we analyzed cell survival by MTT assay and found that AT406, S63845, and venetoclax did not significantly inhibit the survival of BRAFi and ALKi dual resistant melanoma cells ([Figure S7](#mmc1){ref-type="supplementary-material"}C). However, AT101 treatment strongly inhibited the growth and survival of these dual resistant cells ([Figures 7](#fig7){ref-type="fig"}E--7G). Collectively, these results demonstrate that residual cells that escape ceritinib treatment become resistant to apoptosis. These findings provide targets for treating BRAFi and ALKi dual resistant melanoma cells.

Discussion {#sec3}
==========

Acquired resistance to targeted therapeutic agents such as BRAFi makes it challenging to use personalized therapies to treat melanoma and other cancers. One way to overcome this limitation is to understand the mechanism that causes resistance and use this information to revise the therapeutic regimen. Here, we found that activation of ALK RTK is a mechanism for causing acquired resistance to BRAFi and show that ALK targeting can be used to treat BRAFi-resistant melanoma. We also show that BRAFi-resistant ALK-sensitive cells can evolve to become resistant to apoptosis, but are sensitive to broad-spectrum anti-apoptotic protein inhibitors. A summary of our results is presented in [Figure 7](#fig7){ref-type="fig"}H and is also described below.

ALK in Acquired Resistance to BRAF Kinase Inhibitors {#sec3.1}
----------------------------------------------------

BRAFi resistance can be due to a wide variety of mechanisms. For example, a multi-center trial analyzed clinical and genomic data using 132 tissue samples obtained from 100 patients who progressed on BRAFi therapy, from three large, previously published studies of BRAFi resistance ([@bib21], [@bib23], [@bib28], [@bib56]). This study only identified resistance mechanisms in 58% patients; mechanisms included NRAS or KRAS mutations (20%), BRAF splice variants (16%), BRAF (V600E/K) amplifications (13%), MEK1/2 mutations (7%), and non-mitogen-activated protein kinase pathway alterations (11%). This study demonstrated that the mechanism of resistance remains unknown in over 40% of BRAFi-resistant melanomas.

ALK is an oncogenic driver in non-small cell lung cancer (NSCLC) and anaplastic large cell lymphomas. In these cancers, ALK alterations are chromosomal rearrangements that result in fusion oncogenes ([@bib5], [@bib26], [@bib33]). In addition, ALK gene amplification and activating ALK mutations have also been observed in other cancer types. ALK was initially considered to be an orphan receptor; however, FAM150A and FAM150B were recently identified as ALK-activating ligands that were capable of activating ALK-mediated signaling ([@bib19], [@bib42]).

A previous study showed that ALK inhibitor can potentiate the effectiveness of the MEK inhibitor trametinib ([@bib54]). Here, we found that ALK is activated in BRAFi-resistant melanoma via the action of FAM150A, and that ectopic expression of ALK conferred BRAFi resistance. We also showed that the ALK inhibitor ceritinib inhibited the growth of BRAFi-resistant melanoma both in cell culture and in mice. These results identify a non-genetic mechanism for ALK RTK activation and demonstrate that ALK targeting in BRAFi-resistant melanoma may be a viable therapeutic option for BRAFi-resistant melanoma therapy.

However, our studies largely focused on BRAFi (vemurafenib and dabrafenib) and our results are also expected to be relevant in the context of BRAFi and MEKi combination therapies (e.g., dabrafenib and trametinib). This prediction is based on our results that ALK-mediated BRAFi resistance occurs due to the activation PI3K/AKT pathway rather than by activation of MAPK pathway downstream of BRAF and is supported by a previous study that has shown PI3K/AKT pathway activation causes resistance to BRAFi and MEKi combination therapy ([@bib3]). In this regard, previous studies have shown that SKMEL-239-R cells are resistant to BRAFi ([@bib40]), whereas M229-R cells are resistant to both BRAFi and MEKi ([@bib35]). Finally, our vemurafenib resistant A375 were significantly more resistant to MEK inhibition than parental A375 cells ([Figure S7](#mmc1){ref-type="supplementary-material"}D).

Role of PI3K/AKT Downstream of ALK in Conferring Resistance in Melanoma {#sec3.2}
-----------------------------------------------------------------------

As mentioned above, a large majority of BRAFi resistance mechanisms rely on reactivating the MAPK pathway to confer BRAFi resistance. However, MAPK-independent mechanisms have also been identified. Among these, the second most predominant mechanism is activation of the PI3K pathway by various mechanisms, including activating mutations in PI3KCA, AKT1, AKT3, and inactivating mutation or deletion of PTEN.

Oncogenic forms of ALK are known to enhance cancer growth and development by stimulating signaling pathways, such as ERK or PI3K/AKT ([@bib20]). We found that melanoma cells with increased phosphorylation of ALK had heightened PI3K signaling, as observed by increased pAKT levels. We also showed that this activation was crucial for ALK to confer BRAFi resistance because constitutive activation of PI3K was sufficient to confer resistance to ALK inhibitor, similar to the effect of constitutive ALK activation. Furthermore, treatment of ALK-expressing cells and BRAFi-resistant cells showed that they were sensitive to PI3K inhibitor, and cells ectopically expressing ALK could be sensitized via treatment with PI3K inhibitor. These results show that PI3K downstream of ALK is necessary for conferring resistance to BRAFi in melanoma.

Sequential Targeted Therapy-Based Therapeutic Approach for Extending the Therapeutic Responses in Patients with BRAF-Mutant Melanoma {#sec3.3}
------------------------------------------------------------------------------------------------------------------------------------

The overarching goal for studies of the mechanisms of resistance to targeted therapeutic agents is to develop new therapeutic approaches to treat drug-resistant tumors and extend the survival of patients with cancer. For example, the development of dual BRAF + MEK or BRAF + ERK targeting approaches, which have benefited patients with metastatic melanoma with BRAFi-resistant tumors, were based on the finding that the MAPK pathway via MEK activation or ERK activation causes most BRAFi resistance ([@bib14]). Similar approaches, such as those based on the identification of secondary mutations in EGFR in NSCLC, BCR-ABL in chronic myelogenous leukemia, and EZH2 in non-Hodgkin lymphoma, have identified new therapeutic approaches to address treatment resistance and improve outcomes for patients with cancer ([@bib4], [@bib10], [@bib16], [@bib38], [@bib48]). In our study, we present an approach that is based on tracking the evolution of drug resistance in cancer cells in real time. We show that BRAFi-resistant and potentially BRAFi/MEKi-dual resistant tumors with higher p-ALK levels can be treated with the ALK inhibitor ceritinib. Also, we show that residual tumor cells that become resistant to ceritinib-based therapy and are dual resistant to BRAFi + ALKi can be treated using a broadly acting anti-apoptotic protein inhibitor. Collectively, these results underpin the need to progressively identify and adjust therapeutic regimens for patients undergoing cancer treatment, with the ultimate effect of more effective cancer treatment and extended patient survival.

Limitations of the Study {#sec3.4}
------------------------

This study relied upon *in vitro*-generated BRAFi-resistant cell lines, patient-derived BRAFi-resistant melanoma cell lines, and *in vivo* xenograft-based mouse models. However, we could not optimize any phospho-ALK antibody to reliably detect changes in paraffin-fixed patient-derived BRAFi-resistant melanoma samples that were available to us. Thus the clinical relevance of our findings remains to be determined.

Methods {#sec4}
=======

All methods can be found in the accompanying [Transparent Methods supplemental file](#mmc1){ref-type="supplementary-material"}.
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========================

Document S1. Transparent Methods, Figures S1--S7, and Table S1
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